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ABSTRACT

We report on the tentative detection of the modulation of a transient, redshifted Fe Kα emission

feature in the X-ray spectrum of the Seyfert galaxy NGC 3516. The detection of the spectral

feature at 6.1 keV, in addition to a stable 6.4-keV line, has been reported previously. We find,

on reanalysing the XMM–Newton data, that the feature varies systematically in flux at intervals

of 25 ks. The peak moves in energy between 5.7 and 6.5 keV. The spectral evolution of the

feature agrees with Fe K emission arising from a spot on the accretion disc, illuminated by a

corotating flare located at a radius of (7–16) rg, modulated by Doppler and gravitational effects

as the flare orbits around the black hole. Combining the orbital time-scale and the location of

the orbiting flare, the mass of the black hole is estimated to be (1–5) × 107 M�, which is in

good agreement with values obtained from other techniques.

Key words: line: profiles – relativity – galaxies: active – galaxies: individual: NGC 3516 –

X-rays: galaxies.

1 I N T RO D U C T I O N

The Fe Kα line is commonly observed in X-ray spectra of active

galactic nuclei (AGN). A narrow line at 6.4 keV is often seen and

originates most likely from distant material, such as the broad line

regions or the molecular torus. A number of AGN and galactic black

holes candidates (GBHCs) exhibit broad Fe emission, which is be-

lieved to originate in the innermost part of the accretion flow, where

the line profile is shaped by special and general relativistic effects,

such as Doppler shifts, gravitational redshift and light bending, as a

result of the accreting material moving close to the speed of light and

the large space–time curvature (e.g. Fabian et al. 2000; Reynolds

& Nowak 2003). While the shape of the relativistic Fe line implies

that the line emitting region is a few r g (= GM/ c2), this does not

constrain the mass of the black hole, which needs a physical unit

for the emitting radius.

In addition to the major line emission around 6.4 keV, transient

emission features at energies lower than 6.4 keV are sometimes ob-

served in X-ray spectra of AGN. An early example was found in

the ASCA observation of MCG–6-30-15 in 1997, which was inter-

preted as Fe K emission induced from a localized flare or from a

narrow range of radii in the inner part of the accretion disc (Iwasawa

et al. 1999). More examples followed in recent years with improved

sensitivity provided by XMM–Newton and the Chandra X-ray Ob-

servatory (Turner et al. 2002; Guainazzi 2003; Yaqoob et al. 2003;

Dovčiak et al. 2004; Iwasawa et al. 2004; Turner, Kraemer & Reeves
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2004). These features can be attributed to an Fe Kα line arising at a

particular radius illuminated by a localized flare. If the illuminated

spot is close to the central black hole, then the line emission is red-

shifted, depending on the location of the spot on the disc (Iwasawa

et al. 1999; Ruszkowski 2000; Nayakshin & Kazanas 2001; Dovčiak

et al. 2004).

In this context, the flare responsible for the spot illumination

is most likely linked with the accretion disc via magnetic fields

and is entrained with the disc orbital motion. A long-lived flare

therefore orbits the central black hole with a period similar to that

of the accretion disc at the radius where the flare takes place. If

the sensitivity and duration of an X-ray observation are appropriate,

evolution of the emission feature arising from such a spot can be

tracked. When a flare survives more than one orbit, periodic signals

should be observed. Combining this orbital period with the line

emitting radius (in unit of rg) inferred from the line flux/energy

evolution enables the black hole mass to be derived, as outlined by

Dovčiak et al. (2004).

The Keplerian orbital time around a 107-M� black hole (typical

for Seyfert galaxies) is ∼104 s at a radius of 10 r g. Some of the long

XMM–Newton observations last for ∼105 s without interruption,

unlike for low-orbit satellites such as ASCA. Therefore, a few cycles

of periodic modulations of line emission induced by an orbiting

spot in a Seyfert galaxy can occur within an XMM–Newton orbit.

However, it is generally assumed that the sensitivity of currently

available X-ray instruments is insufficient for detecting such orbital

motion. Here, we apply an analysis technique, devised to search for

temporal evolution of the Fe K line, to one of the XMM–Newton

data sets in which such a redshifted Fe K emission feature has been

reported.
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2 X M M – N E W TO N DATA

We selected one of the XMM–Newton observations of the bright

Seyfert galaxy NGC 3516 (observation ID, 0107460601), for which

Bianchi et al. (2004) reported excess emission at around 6.1 keV

in addition to a stronger 6.4 keV Fe Kα line in the time-averaged

EPIC spectrum. The reasons for selecting this data set as the primary

target are as follows. NGC 3516 is relatively bright in the Fe K band

and the detection of the redshifted iron emission feature appears to

be more robust than the other cases (Bianchi et al. 2004). There is

another XMM–Newton observation of NGC 3516 carried out a few

months later, in which the 6.1-keV feature is not present in the time-

averaged spectrum (Turner et al. 2002; Miniutti, Iwasawa & Fabian,

in preparation), indicating its transient nature. The black hole mass

of a few times 107 M� has been estimated from the reverberation

mapping technique (Ho 1999; Onken et al. 2003) for NGC 3516.

With the black hole mass, a spot in the relativistic region of the

accretion disc can complete a few orbits within the duration of an

XMM–Newton observation (see below) if it survives, as discussed

in the previous section. If the 6.1-keV feature is produced by such

an orbiting spot, associated variability in the line emission is also

observable. Dovčiak et al. (2004) have already investigated the same

data set by dividing it into three time intervals of ∼27 ks, and found

the ‘red’ feature to be present in all the three spectra. This implies

that the feature lasts at least for most of the observing duration.

If it is variable, as the spot illumination model would predict, a

study at a shorter time resolution is required. In the other XMM–

Newton observation, which is longer than the one we have selected,

although some narrow emission features have been reported (Turner

et al. 2002), they are seen only for a brief period and are fainter than

the 6.1-keV feature in the first observation. We therefore consider

the first observation more promising for a detailed line variability

study over the second observation.

The observation started at 2001 April 10, 11:14 (UT), and the time

in the light curves presented in this paper was measured from this

epoch. We use only EPIC pn data, because of the high sensitivity in

the Fe K band. Single and double events were selected for scientific

analysis presented here. There are time intervals of high background

at the beginning and in the last quarter of the observation. These

intervals were excluded from our analysis, leaving a useful exposure

time of 85 ks (of which the live time is 70 per cent due to the

small window mode operation of the EPIC pn camera). The level

of the background during the exposure was higher than its typical

quiescence and fluctuated by some degree (see Fig. 1) but has little

impact on the results presented below. The background fraction at

the Fe K band is 4.4 per cent.

The data reduction was carried out using the standard XMM–

Newton analysis package, SAS 6.0, and the FITS manipulation pack-

age, FTOOLS 5.3. The energy resolution of the EPIC pn camera at the

Fe K band is ≈150 eV in FWHM.

The time-averaged 2–10 keV observed flux is 2.2 × 10−11 erg

cm−2 s−1, and the absorption corrected luminosity is estimated to

be ∼0.5 × 1043 erg s−1 for the source distance of 38 Mpc (z =

0.0088, H 0 = 70 km s−1 Mpc−1).

3 DATA A NA LY S I S

3.1 Continuum subtraction

The broad-band X-ray spectrum of NGC 3516 is very complex, as

a result of modification by absorption and reflection. Because our

interest is in the behaviour of the relatively narrow feature in the

Fe K band, we designed our analysis method as follows to avoid

Figure 1. Light curves of the source flux (upper panel), the Fe K red feature

(middle panel) and the 6.4-keV line core (bottom panel). The source flux

is measured in count rate in the 0.3–10 keV band with 2-ks resolution.

The light curve of the background in the same energy band, normalized by

the extraction area on the detector, is also shown by the solid histogram. The

line fluxes are measured by integrating excess emission over 5.8–6.2 keV for

the red feature and 6.2–6.5 keV for the line core, obtained from the smoothed

5-ks resolution image of excess emission in the time–energy plane.

unnecessary complication. (i) The energy band is restricted to 5.0–

7.1 keV, which is free from absorption which can affect energies

below and above. (ii) The continuum is determined by fitting an ab-

sorbed power law to the data excluding the line band (6.0–6.6 keV),

and is subtracted to obtain excess emission which is then corrected

for the detector response. When determining the continuum in this

way, the spectral curvature induced by much broad iron line emis-

sion (Miniutti, Iwasawa & Fabian, in preparation) is approximated

by the effect of absorption and its contribution subtracted away to-

gether with the underlying continuum.

3.2 Excess emission map on the time–energy plane

We first investigated the excess emission at resolutions of 5 ks in

time and 100 eV in energy. An image of the excess emission in

the time–energy plane is constructed from individual time intervals.

The detailed procedure of this method is described in Iwasawa et al.

(2004, in preparation). We have verified that the continuum in each

spectrum is determined reliably and that the line flux measurements

are robust against continuum modelling. The image suggests sys-

tematic variations taking place at the energies of the red feature

(5.8–6.2 keV) at intervals of 25 ks, while the 6.4-keV core remains

nearly constant, although this raw digital image is only suggestive

due to the low signal-to-noise ratio as discussed below.

In general, constructing an image is a useful way to search for

events taking place in two dimensions of interest, e.g. time and en-

ergy in this case, when each event spreads across several pixels.

Conversely, the events need to be appropriately oversampled. In

our excess emission map, the time-scale of interest appears to be

∼25 ks, oversampled by a factor of 5 in time. However, oversam-

pling can cause individual pixels to have insufficient statistics. The

above individual 5-ks spectra have ∼60 counts (uncorrected for the
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dead time) for the red feature at its peak and ∼85 counts for the

6.4-keV core. Propagating the Poisson error for the continuum sub-

traction gives a typical uncertainty for the red feature flux of ∼40

per cent. When the spectra are investigated individually, as done by

the conventional spectral fitting, those errors are too large to test for

flux variability.

However, as mentioned above, the events of interest take place

over several pixels in the digital image, i.e. the characteristic vari-

ability frequency of the red feature appears to be larger than the

noise frequency, which is equivalent to the time resolution (5 ks).

When this condition is met, low-pass filtering is effective in noise

reduction. Therefore, we applied weak Gaussian smoothing to the

above image with a circular Gaussian kernel of σ = 0.85 pixel

(10 ks × 200 eV in FWHM). This kernel size was chosen so that

random noise between neighbouring pixels was suppressed. This

image filtering brings out the systematic variations of the red fea-

ture more clearly. The light curves of the major line core at 6.4 keV

(6.2–6.5 keV) and the red feature (5.8–6.2 keV) are obtained from

the filtered image. Fig. 1 shows the light curves of the excess emis-

sion in the two bands along with the broad-band (0.3–10 keV) light

curve. The errors of the line fluxes are estimated from extensive

simulations, which are described in detail in Section 3.4, together

with an assessment of the significance of the line flux variability.

3.3 Line flux variability and its characteristic time-scale

The red feature apparently shows a recurrent on-and-off behaviour.

The peaks of its light curve appear at intervals of �25 ks for nearly

four cycles. In contrast, the 6.4-keV line core remains largely con-

stant, apart from a possible increase delayed from the ‘on’ phase in

the red feature by a few ks.

Folding the light curve of the red feature strongly suggests a char-

acteristic interval of 25(± 5) ks. Fig. 2 shows the folded light curve

of the red feature, as well as that obtained from the original un-

smoothed data of the 5-ks fragments by folding on a 25-ks interval.

This verifies that the apparent periodic behaviour of the red feature

is not an artefact of the image filtering. However, a mere four cycles

do not secure a periodicity. Whether random noise can produce spu-

rious periodic variations such as observed at a significant probability

is investigated by simulations below.

3.4 Error estimate and significance

of the red feature variability

When Gaussian smoothing is applied, the independence of individ-

ual pixels is compromised (not by a great degree in our case of weak

Figure 2. The folded light curve of the red feature. Two cycles are shown

for clarity. One cycle is 25 ks. The same light curve obtained from the

unsmoothed data is also shown as the dotted line.

smoothing). This means that simple counting statistics no longer ap-

plies for estimating the error of the flux measurements. We therefore

performed extensive simulations of the line flux measurements, as

detailed below.

In each simulation run, both the 6.4-keV line core and the red

feature were assumed to remain constant at the flux observed in

the time-averaged spectrum throughout 17 time intervals. The nor-

malization of the power-law continuum was set to follow the 0.3–

10 keV light curve. From these simulated spectra, an image of the

excess emission in the time–energy plane was obtained and then

smoothed, from which light curves of the two line bands were ex-

tracted, through exactly the same procedure as applied for the real

data. The variance of each light curve was recorded. This process

was repeated 1000 times.

Because the line flux is kept constant in each simulation, the

variance of the individual light curves represents the measurement

uncertainty. The mean variance of the 1000 simulations was com-

puted and the standard deviation was adopted as the measurement

error. Following this procedure, the errors of the line fluxes for the

red feature and for the 6.4-keV line core are 0.36 × 10−5 photon

s−1 cm−2 and 0.38 × 10−5 photon s−1 cm−2, respectively. With these

errors, we can now assess the significance of the variability in the

two line bands (Fig. 1).

The χ 2 test shows that a hypothesis of the 6.4-keV core flux be-

ing constant is acceptable. In contrast, the light curve of the red

feature is not consistent with being constant with χ 2 = 36.0 for

16 degrees of freedom. Because of the issue of the pixel indepen-

dence, the χ 2 value does not directly translate into a confidence

level. The significance of the red feature variability can instead be

estimated by comparing the χ 2 values against a constant hypothesis

for the real data and the 1000 simulations, or by comparing the vari-

ances directly. We find about 3 per cent of the simulations to exhibit

variability at the same level as the real data, and therefore conclude

that the variability of the red feature is significant at the 97 per cent

confidence level.

Assuming now that the red feature is significantly variable, we

examine how likely this is to occur on a 25-ks time-scale. Folding

the red feature light curve with the interval of 25 ks (Fig. 2) gives

χ 2 = 24.5 for four degrees of freedom. Due to the same limitation

to the statistics mentioned above, we only took the false probability

of 0.1 per cent, which would normally be inferred by the above χ2

value, as a target figure for χ2 tests, and we examined what fraction

of the simulated red feature light curves exhibit a similar level of

periodic behaviour for assessing the significance. The simulated red

feature light curves were folded with six trial periods between 15 and

40 ks at a 5-ks step, and χ 2 values for the folded light curves were

recorded. We have found that 0.2 per cent show comparable or larger

significance compared to the real data. This is however limited to

the largest trial period of 40 ks. None of the 1000 simulations shows

comparable periodic signals to the real data for the trial periods

of 35 ks or shorter. The same results were obtained from direct

comparisons of variances of the folded light curves. This is because

the smoothing suppresses the higher-frequency (shorter time-scale)

noise and allows the remaining random noise to manifest itself as

spurious periodic variations only on long time-scales. The above

test indicates it is unlikely for random noise to produce the cyclic

patterns at the intervals of 25 ks as observed, when our method is

applied as for the real data analysis.

It should however be noted that this test is only against random

independent noise, and does not necessarily prove the 25-ks peri-

odicity of the line variations. If the line light curve has a ‘coloured’

(e.g. red) noise spectrum, as AGN continuum emission usually does,
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folding tests could give large χ2 values (e.g. Benlloch et al. 2001).

However, the general properties of the temporal behaviour of iron

line emission in AGN are not yet known. Given the lack of knowl-

edge of the matter, we have to make some assumptions for the noise

spectrum when examining the periodicity. Two limited cases are

presented below.

The power spectrum of the X-ray continuum variability of

NGC 3516 has been measured fairly well in a wide frequency range

(10−8–10−3 Hz) and can be approximated by a broken power-law

form (e.g. Markowitz et al. 2003). The frequency range of interest

is well above the break frequency at ≈2 × 10−6 Hz and the power

spectrum density follows ∝ f −2, where f is the Fourier frequency.

If the same power spectrum is adopted for the iron line variability,

the rms variability amplitude expected on the time-scale of 25 ks is

2–3 per cent, much smaller than the error in line flux measurement.

This means that the above test against random noise is valid in this

case.

We further tested a case of the red noise with a large amplitude

of variability using simulated light curves. 1000 light curves were

simulated assuming the same power spectrum slope but a fractional

rms amplitude of 35 per cent, similar to that in the red feature light

curve, with the Timmer & König (1995) prescription. Gaussian noise

Figure 3. The Fe K line profiles during the on (solid circles) and off (open

squares) phases of the red feature. The data are plotted in the form of a ratio

against the best-fitting continuum. The energy scale has been corrected for

the galaxy redshift (z = 0.0088).

Figure 4. The smoothed excess emission map on the time–energy plane.

The pixel size is 2 ks in time and 100 eV in energy. The energy scale is as

observed. The flux of the excess emission is indicated by the false colour,

in units of photon (2000 s)−1 cm−2. The value of 0.02 corresponds roughly

to 10 counts (uncorrected for the dead time due to the EPIC operation in the

small window mode).

Table 1. The 6.4-keV core and the red feature of the Fe Kα emission in on

and off phases. The line energies are measured in the galaxy rest frame. The

line fluxes are as observed and uncorrected for absorption. Errors are of the

90 per cent confidence range for one parameter of interest.

E σ Line flux

keV keV 10−5 photon s−1 cm−2

Core 6.42+0.02
−0.02 0.045+0.020

−0.020 On: 2.9+0.6
−0.4 Off: 3.2+0.5

−0.5

Red 6.13+0.10
−0.07 0.15+0.25

−0.07 On: 2.1+1.3
−0.8 Off: <0.7

based on the line flux measurement error (see above) was added to

the light curves. We then folded the simulated light curves with the

six trial periods between 15 and 40 ks and compared their χ2 values

with those for the real data for significance. This comparison shows

that less than 2 per cent of the simulated light curves show stronger

periodic signals than the real red feature light curve. While the

above test suggests that the probability of the 25-ks periodic signals

being an artefact of red noise is low, given the crude assumptions, the

inferred significance of the periodicity must be taken as an indication

only. Also, with such a small number of cycles (and the limited

frequency range of the noise spectrum we can examine), we draw

no strong conclusion on the 25-ks periodicity.

3.5 Line profile variation

Using the above image and light curves as a guide, we constructed

two spectra taken in a periodic manner from the ‘on’ and ‘off’

phases to verify the implied variability in the red feature. The line

profiles obtained from the two spectra are shown in Fig. 3, which

can be modelled with a double Gaussian (Table 1). The 6.4-keV

core is resolved slightly (∼5000 km s−1 in FWHM) and found in

both spectra with an equivalent width (EW) of 110 eV. While the

6.4-keV core remains similar between the two, there is a clear differ-

ence in the energy range of 5.7–6.2 keV due to the presence/absence

of the red feature. In the ‘on’ phase spectrum, the red feature centred

at 6.13+0.10
−0.07 keV (EW of 65 eV with respect to the continuum at the

centroid energy) is evident. The line flux ratio to the 6.4-keV line

core is �0.7. It is not detected in the ‘off’ phase spectrum. The

90 per cent upper limit of the line flux given in Table 1 is the

value when the same line centroid and the width of a Gaussian

as in the ‘on’ phase spectrum are adopted, and corresponds to

EW < 20 eV. The variability detected between the two spectra

is significant at 4σ . It would be unlikely to detect the variability

if time intervals were chosen arbitrarily, as done by Dovčiak et al.

(2004).

3.6 Higher time resolution analysis

Having established the significance of the variability in the red fea-

ture, we now investigate possible time evolution of the feature at

a finer time resolution. A similar image of excess emission, but

at a 2-ks time resolution, is constructed. Then elliptical Gaussian

smoothing with dispersion of 1.5 × 1.0 pixel (7 ks × 250 eV in

FWHM) has been applied to obtain the image shown in Fig. 4. The

elliptical Gaussian kernel was chosen so as not to oversmooth the

spectral resolution, which is kept to be 100 eV per pixel in the orig-

inal digital image. Because the signal-to-noise ratio of the data in

individual time intervals becomes worse, interpretations based on

this image must be treated with caution. However, a further inter-

esting behaviour of the red feature is noticed (see Fig. 4). The red
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feature apparently moves with time during each ‘on’ phase revealed

by the 5-ks resolution study: the feature emerges at around 5.7 keV,

shifts its peak to higher energies with time, and joins the major line

component at 6.4 keV, where there is marginal evidence for an in-

crease of the 6.4-keV line flux (albeit only suggestive; see also the

light curve in Fig. 1). This evolution appears to be repeated for the

on phases.

4 I N T E R P R E TAT I O N A N D M O D E L L I N G

The detection of only four cycles is not sufficient to establish

any periodicity at high significance. The 25 ks is however a nat-

ural time-scale of a black hole system with a black hole mass of

107 M�, as measured for NGC 3516. The finding could potentially

be important and, especially the evolution of the line emission, war-

rant a theoretical study. Here we shall assume that the 25-ks time-

scale is associated with the orbital motion of a corotating flare which

illuminates a spot on the accretion disc, and present theoretical mod-

elling which reproduces the saw-tooth features seen in Fig. 4. It also

allows us to combine timing and spectral information for estimating

the black hole mass.

Note that because a flare is not expected to last much longer

than a few dynamical time-scales or be strictly periodic due to its

orbital drift as the disc material spirals in (e.g. Karas, Martocchia

& Subr 2001), the number of detectable cycles will be limited even

in much longer observations. Flares occurring at small radii and/or

black holes having small mass could provide shorter characteristic

time-scales. However, detectability is determined by a competition

between line intensity and time resolution at a given throughput

of the X-ray telescope. Line emission from smaller radii is more

broadened, which would make it difficult to distinguish the line

emission from the continuum.

4.1 Corotating flare model

We adopt a simple model in which a flare is located above an accre-

tion disc, corotating with it at a fixed radius. The flare illuminates an

underlying region on the disc (or spot) which produces a reflection

spectrum, including an Fe Kα line. The observed line flux and en-

ergy are both phase-dependent quantities and, therefore, if the flare

lasts for more than one orbital period, they will modulate periodi-

cally. Details on the expected behaviour can be found, for example,

in the work of Ruszkowski (2000) and Dovčiak et al. (2004).

The flare orbital period T (equal to the spot period because coro-

tation is assumed) is related to the black hole mass (MBH) and di-

mensionless spin (a) and to the radial location r of the flare by the

following relation (see, for example, Bardeen, Press & Teukolsky

1972)

T = 310
[

a + (r /rg)3/2
]

M7 (s), (1)

where M7 is the black hole mass in units of 107 M�. Hereafter, by

radial location r we mean the flare distance from the black hole axis

as measured in the equatorial plane. It is clear that if T and r can

be inferred from observations, equation (1) provides an estimate of

the black hole mass. Assuming that the observed 25-ks time-scale

corresponds to the orbital period, we now model the data and derive

an estimate of r that will constrain MBH in NGC 3516.

4.2 Constraints on emission radius and black hole mass

We consider a corotating flare which has a power-law spectrum

with photon index of � = 1.8 (typical for Seyfert 1 galaxies) and

emits isotropically at a constant flux in its proper frame. The disc

illumination is computed by integrating the photon geodesics in a

Kerr space–time from the flare to the disc, and is converted to local

emissivity (see, for example, George & Fabian 1991). Then, the

observed emission line profile is computed through the widely used

ray-tracing technique (see Miniutti et al. 2003 and Miniutti & Fabian

2004 for more details).

The free parameters of our model are the flare location, speci-

fied by r and the height above the accretion disc (h), the accretion

disc inclination i, the emission-line rest-frame energy, and the inner

disc radius. We assume a maximally rotating Kerr black hole with

spin parameter, a = 0.998. Note that the difference in the orbital

period between a maximally rotating and a non-rotating black hole

is smaller than the uncertainty of the period (20 per cent) when r >

3 r g, for which our results would be insensitive to the spin of the

black hole. Our assumption on the spin parameter needs to be veri-

fied once a lower limit on the flare radial position has been obtained.

The variation of energy and flux of the emission feature also

depends on the assumed disc inclination. We have analysed all the

BeppoSAX and XMM–Newton data sets available and have found

that the Fe K line profiles are all consistent with i = 30◦ ± 10◦.

The range of inclination is in good agreement with previous results

based on the ASCA data (Nandra et al. 1997, 1999; Čadež et al.

2000).

We have computed the evolution of Fe K emission induced by

an orbiting flare and simulated time–energy maps with the same

resolution and smoothing as in the excess emission map of Fig. 4. A

constant, narrow 6.4-keV core representing the Fe Kα line from dis-

tant material is also added. As pointed out by Dovčiak et al. (2004),

the faint, broad part of the line profile has little contrast against

the continuum and is likely missed in the observed excess map. To

simulate this effect, we set a threshold below which line emission

is assumed to have null intensity. The threshold is an additional

parameter of the model and its adopted range is 30–40 per cent of

the maximum amplitude of the emission feature during the orbital

period.

Given the quality of the observed map in Fig. 4 and the simplified

situation assumed in our model, an exact match of the simulated

map with the observation is not to be expected (or to be looked

for). However, we have explored the parameter space, aiming to

reproduce the key features as outlined below and constrain the range

of r allowed by the data. The key features we identified are the

following: (i) the emission has a skewed form in the time–energy

map (no significant emission is seen below 6.1 keV during the ‘off’

phase); (ii) during the ‘on’ phase, the emission appears at ∼5.7 keV,

moves with time to join the narrow 6.4-keV emission and reaches the

maximum energy of about 6.5 keV; (iii) the maximum-to-minimum

flux ratio of the feature in this phase is about 2; (iv) the ‘on’ and

‘off’ phases have approximately equal durations.

The lack of emission below 6.1 keV during the ‘off’ phase,

which makes the saw-tooth pattern of the excess map (Fig. 4), is

the most notable difference from the predictions in previous work

(Nayakshin & Kazanas 2001; Dovčiak et al. 2004). If the spot size

is small, the emission line is always narrow during the orbital pe-

riod, and the ‘off’ phase shows a decay both in energy and flux,

resulting in an almost symmetric pattern to the rising ‘on’ phase,

especially when the inclination is ∼30◦. In contrast, in our model,

the disc illumination is computed self-consistently and the spot size

is related to the height of the illuminating source (i.e. flare); the

higher the flare, the larger the spot (see also Ruszkowski 2000 for

other relativistic effects mainly due to light bending). This causes

the observed line profile to be broadened. Therefore, when a flare is
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Figure 5. The smoothed theoretical time–energy map of the emission fea-

ture. The time resolution is enforced by dividing the flare orbit into 13 inter-

vals. By assuming an orbital period of 26 ks (consistent with the measured

period of 25 ± 5 ks), each interval corresponds to 2 ks. See text for details

on the model parameters. No noise has been added to the theoretical results.

located higher than a certain height (typically h � 3 r g, depending

on r), the broadened line emission becomes undetectable because

of the lack of the contrast to the underlying continuum. This occurs

at a phase when the flare is on the near receding side of the disc,

which corresponds to the ‘off’ phase, and explains the skewed form

of the excess emission in Fig. 4.

Fig. 5 shows one of the theoretical time–energy maps that we con-

sider to be in reasonable agreement with the observed map because

they reproduce the key features mentioned above. This particular

example assumes a flare with (r , h) = (9, 6) r g, the rest-frame line

energy of 6.4 keV, a disc inclination of 20◦, an inner disc radius of

1.24 rg, and a detection threshold of 37 per cent. The normalization

of the excess emission in the theoretical map is adjusted so that Fig. 5

can be compared with Fig. 4 directly. In Fig. 6, light curves in the

two selected bands, obtained from the smoothed observed (Fig. 4)

and simulated (Fig. 5) maps are shown to illustrate the degree of

agreement between the model and the observation.

By applying the above procedure we find for the flare radius

7 rg � r � 16 rg. (2)

Radii larger than 16 rg are ruled out because (i) the amplitude of

flux variation during the ‘on’ phase becomes too large, (ii) the ‘on’

Figure 6. A comparison between the observed (solid line) and predicted

(dotted line) light curves in the 6.0–6.2 keV (upper panel) and 5.8–6.0 keV

(lower panel) bands, obtained from the excess maps in Figs 4 and 5. This

demonstrates the level of match between the two. The model describes the

amplitudes and delays of the emission feature as a function of time reasonably

well, given the quality of the data.

phase lasts longer than the ‘off’ phase, and (iii) substantial emission

below 6.1 keV appears during the ‘off’ phase above the detection

threshold. If the orbital radius is smaller than 7 rg, the opposite trend

is seen. Some uncertainty comes from the presence of the narrow

6.4-keV line which blends with the moving feature at energies above

6.2 keV. Note that, because the minimum radius we find is larger

than 3 rg, the orbital time is insensitive to our assumption of the

maximally rotating Kerr space–time.

Together with T = (25 ± 5) ks, and by using equation (1), the

flare radius translates to a black hole mass in NGC 3516:

1.0 × 107 M� � MBH � 5.0 × 107 M�. (3)

5 D I S C U S S I O N A N D C O N C L U S I O N S

We study the variability of a transient emission feature around 6 keV,

of which detection has been reported previously in the time-averaged

X-ray spectrum of NGC 3516. The feature appears to vary system-

atically both in flux and energy on a characteristic time-scale of

25 ks. On comparing with extensive simulations, the variability is

found to be significant at the 97 per cent confidence level, and the

probability for the variations to occur cyclically as observed purely

due to random noise is very low (see Section 3.4).

The flux and energy evolution of the red feature is consistent

with being Fe Kα emission produced by an illuminated spot on the

accretion disc and modulated by Doppler and gravitational effects.

Modelling the observed X-ray data with a relativistic disc illumi-

nated by a corotating flare above it constrains the radial location

of the flare to be r = (7–16) r g. This is combined with the orbital

period to provide an estimate of the black hole mass in NGC 3516

which is M BH = (1–5) × 107 M�.

One caveat is any weak continuum variation correlated with the

line variation. Because the flare is assumed to corotate with the disc,

its direct emission should also produce modulation in the continuum

in roughly the same way as the red feature. Ideally, this constraint

should be obtained from the ionizing flux of the Fe K line, i.e.

the continuum flux above 7.1 keV. However, because of the poor

signal-to-noise ratio of the light curve in those energies, the 0.3–

10 keV band light curve (Fig. 1) is used instead. If the spectrum

of the flare is harder than the total continuum emission, the limit

given below would increase. The best constraint is obtained from

the second and third ‘on’ phases where the continuum light curve

is relatively flat. Excess flux increases during those periods are of

the order of 5 per cent, which represents an upper limit on the

continuum modulation. Because the line flux of the red feature is

a small fraction (8 ± 5 per cent, on average) of that of the total

broad Fe K emission,1 the relative contribution of the flare, which

produces the red feature, to the total continuum flux is accordingly

small, and the line flux ratio gives an estimate of that. Based on

the estimate, the expected variability amplitude in the total light

curve due to the modulation of the orbiting flare is computed for

the range of flare radius and inclination of the disc derived above.

It ranges over 3–19 per cent, which contains the observed limit

towards the lower bound. The amplitude is smaller when the flare

radius is larger and the inclination is smaller. We note that the above

estimate assumes other X-ray sources above the disc are entirely

static. Other short-lived flares occurring at different radii may mask

the continuum modulation.

1 Note that the broad red wing of this line emission has been subtracted away

in the excess map (see Section 3.1).
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The corotating flare model is perhaps the simplest explanation

for the evolution of the red feature, but there may be other models

which do not invoke accompanied continuum modulation. If the red

feature is related to the central illumination of a non-axisymmetric

(e.g. spiral) structure on the disc with high emissivity, such as that

resulted from density and ionization perturbations or magnetohydro-

dynamic turbulence considered by Karas et al. (2001) and Armitage

& Reynolds (2003), respectively, then the line flux modulates as the

structure orbits around but can be independent from the illuminating

source.

Our result on MBH is complementary to those from the rever-

beration mapping technique, which are based on emission from

clouds much further away from a central hole and unlikely to see

those clouds to complete a whole orbit in a reasonable time. The

estimates of MBH in NGC 3516 from reverberation mapping lie in

the range between 1 × 107 and 4 × 107 M�. The most recent

result obtained by combining the Hα and Hβ emission lines is

(1.68 ± 0.33) × 107 M� (Onken et al. 2003), while the previ-

ous analysis based on Hβ alone gave 2.3 × 107 M� (Ho 1999;

no uncertainty is given). It is remarkable that our estimate of the

black hole mass in NGC 3516 is in excellent agreement with the

above results. Although the systematic flux and energy variability

we report here is only tentative, the above agreement supports our

interpretation.

Our results indicate that present X-ray missions such as XMM–

Newton are close to probing the space–time geometry in the vicin-

ity of supermassive black holes if their observational capabili-

ties are pushed to the limit. Future observatories such as XEUS

and Constellation-X, which are planned to have a much larger

collecting area at 6 keV, will be able to exploit this potential

and map the strong field regime of general relativity with great

accuracy.
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